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Coined by Claude Bernard [1], the term "homeostasis" (from
the Greek homois, or unchanging) has long been a favorite term
of physiologists and clinicians interested in the role played by the
kidneys in maintaining constant the body's internal milieu. In
order to explain homeostasis, the concept of fluid, electrolyte and
acid-base "balance" was developed. This concept implies that
homeostasis is simply the result of eliminating a volume of fluid
from the body and an amount of electrolyte equal to those
brought in through the alimentaty tract. Proof of the fact that
constancy of blood pH and buffer composition also depended
upon the ability of the kidneys to exactly balance the number of
milliequivalents of non-volatile acid added to the body with an
equal quantity of urinary protons was relatively late to arrive,
mainly due to the difficulties met in determining the daily load of
non-volatile acid.
During the last thirty years our understanding of the renal
tubular, cellular and molecular mechanisms of urinary acidifica-
tion has greatly broadened. However, the question of how the
kidneys maintain acid-base balance has recently resurfaced as a
result of work done by two separate groups of investigators. On
the one hand, Packer et al have shown that under conditions of
acid or base loading the net renal excretion of H cannot be
completely defined in terms of the urinary excretion of NH4,
titratable acid and bicarbonate, but that it must also include
urinary losses of metabolizable organic anions [2, 3], On the other
hand, Oh re-examined [4] the intriguing question of how patients
with chronic renal failure maintain a constant serum bicarbonate
concentration if their daily acid production consistently exceeds
net acid excretion, as previous experimental data have suggested
[5, 6]. After discarding skeletal buffering as the likely explanation
[4], he concluded that pitfalls in assessing the status of acid-base
balance from the urine composition were likely to account for the
original observation [7]. It is remarkable that, in order to provide
a simple and complete explanation of these findings, the concepts
of "combustible" ions and electroneutrality, previously aban-
doned in favor of a purely chemical definition of acids and bases
as proton donors and proton acceptors, respectively, might need
to be resurrected [8].
In the present article the factors involved in the day-to-day
maintenance of acid-base balance will be reviewed first, integrat-
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ing newer and older aspects of acid-base homeostasis into a single
framework. It will then become evident that, given the available
experimental data, it is most unlikely that the acidosis of chronic
renal failure represents a state of continuously positive H
balance.
NORMAL ACID-BASE BALANCE REVISITED
Biologically speaking, acid production equals the number of
milliequivalents (mEq) of H added to body fluids, while proton
removal equals equimolar addition of base, 0H, with the
resulting generation of HC03 from dissolved CO2.
Under normal conditions and due to the overwhelming buffer-
ing power predominance of the HC03/H2C03 buffer system
over other buffer systems in the body, addition or removal of H
results in roughly equimolar changes in the concentration of
HCO3, according to the reaction:
H + HCO3 H2CO3 HO + CO2 (Eq. 1)
Since this buffer system is open to the air, the concentration of
CO2 remains nearly fixed, so that the most noticeable effect of H
addition or removal is the reciprocal change in HCO1 concen-
tration.
Daily production of hydrogen ions and relationship to the
urinary loss of base precursors
The oxidation of carbon containing fuels results in the over-
whelming production of volatile acid in the form of CO2 gas,
ranging from 16,000 to 20,000 millimoles per day. It must be
understood, however, that this process of complete combustion of
carbon involves the intermediate generation and metabolism of
several thousand millimoles of relatively strong organic acids,
such as lactic acid, tricarboxylic cycle acids (TCA), ketoacids. etc.,
depending on the type of fuel consumed. These organic acids do
not accumulate in body fluids, that is, their concentrations nor-
mally remain in the millimolar range due to the virtual identity of
their production and combustion rates. However, if production
and combustion rates become mismatched, these organic acids
can accumulate (for example, lactic acid during strenuous exer-
cise), with a fall in HCO3 concentration and an increase in the
concentration of the corresponding organic anions. During recov-
ery the organic anions re-enter their metabolic pathways to CO2
production, with the concomitant removal of H and generation
of HCO3. However, if the organic anions are lost to the outside
(such as ketonuria), they are no longer available for full combus-
tion and HCO3 regeneration. The result would be a lasting
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deficit of HC03 from the body. In this sense, the urinary
appearance of metabolizable organic anions represents a net loss
of HC03 from the body, equivalent to the net production of Ht
The metabolism of certain body constituents, such as proteins,
nucleic acids, and small fractions of some carbohydrates and lipids
generates specific organic acids that cannot undergo full combus-
tion to CO2 (uric, oxalic, glucuronic, hippuric acids and others), in
addition to certain inorganic acids, such as H2S04 and H3P04. All
of these non-metabolizable organic and inorganic acids represent
an inexorable source of protons which reduces body HC03
stores.
What then is the daily input or production of non-volatile acids?
Naturally, it includes all the inorganic as well as the non-
combustible organic acids. In addition, it also includes those
combustible organic acids whose anions are lost in the urine.
From the standpoint of whole body acid-base economy, the
urinary loss of combustible organic anions is equivalent to the
production of non-volatile acid.
The gastrointestinal tract and the external input of acid and base
The diet provides the foodstuffs from which volatile and
non-volatile acids are metabolically generated. Although the bulk
of such acid production from foodstuffs relates to the metabolic
activity of the host's organs, gut bacteria also produce some 300
milliequivalents of organic acids (acetic, propionic and butyric)
per day [9]. These acids derive from bacterial anaerobic metabo-
lism of neutral foodstuffs remaining in the intestinal lumen, and
are quite completely reabsorbed from the intestinal lumen. Once
absorbed, they join the larger pool and share the metabolic fates
of the endogenously-produced organic acids [9].
In addition, the diet also is the source of several hundred
milliequivalents of electrolytes absorbed from the gut lumen every
day. Most of these electrolytes are inorganic salts, such as NaCl,
which are neutral from the acid-base standpoint. However, some
of them are inorganic salts of organic cations and anions. Metab-
olizable cations and anions release or consume protons, respec-
tively, when subject to biological oxidation, and thus engender a
net amount of acid or base. On this basis the dietary contribution
to non-volatile acid production was initially approached by equat-
ing metabolism of foodstuffs to combustion of the diet. Invoking
the principle of electroneutrality, "combustible" ions were mea-
sured as the difference between "strong" inorganic cations (Nat,
K, Ca and Mg), and "strong" inorganic anions (C1,
PO4 *) in dietary ash. This allowed a calculation of whether the
diet provided a net amount of organic, combustible anions
(hydroxyl ion precursors), or cations (proton precursors). Carry-
ing out simultaneous similar measurements in stools allowed
calculation of the net gut absorption of either combustible anions
or cations:
(Dietary inorganic cations — Dietaiy inorganic anions) —
(Stool inorganic cations — Stool inorganic anions) =
Net gastrointestinal absorption of organic anions or cations (Eq. 2)
When the above measurements were performed in individuals
ingesting the usual Western diet, it was found that between 20 and
40 milliequivalents of organic anions were absorbed from the
gastrointestinal tract every day [10—13]. It is not exactly known
how many of these anions are biocombustible and thus capable of
generating equimolar amounts of HC03. However, modifica-
tions in the diet that result in a change in the net organic anion
content of the ingesta significantly alter urine pH or the net
urinary output of acid [12—16]. This indirect evidence suggests that
most dietary organic anions are biocombustible, as best exempli-
fied by citrate. From the acid-base balance standpoint, any
absorbed noncombustible organic anions, such as oxalate and
urate, will be excreted quantitatively in the urine, and thus be
counted as endogenously produced organic acids. This will offset
the error introduced by including these anions in the calculation
of base absorption.
Organic anion processing by the gut could potentially result in
the addition of HCO3 to body fluids not detectable by the above
measurements. Organic anion absorption by the colon is a com-
plex process that may involve the effective countertransport of
anions across the mucosa [17—19]. The possibility then exists that
a noncombustible organic anion could be secreted in the gut
lumen in exchange for a biocombustible, HC03-generating
anion, or for HCO3 itself. Such a process would not alter the
total stool content of organic anions, and consequently it would
not be counted in equation [2]. The possibility and impact of such
a phenomenon on the acidosis of chronic renal failure will be
discussed later.
Daily input and loss of base, anion combustibility and
electroneutrality
Every day 25 to 75 miliequivalents of organic anions are lost in
the urine [11, 12, 20—23]. Approximately one half of the urinary
organic anions are biocombustible, while the remainder are
end-products of metabolism [22—24]. During the same time period
the gastrointestinal tract provides 20 to 40 mEq of organic anions
[10—13, 21]. As discussed above, most of them are combustible
and capable of generating HCO3 — when metabolized to CO2 and
H2O.
Under steady state conditions the urinary output of electrolytes
matches gastrointestinal electrolyte absorption, that is, all inor-
ganic cations and anions absorbed from the gut are excreted in the
urine. Based upon this, Oh has recently demonstrated [20] that,
given electroneutrality requirements, the amount of base ab-
sorbed from the gut can then be calculated from the difference:
Organic anions absorbed from gut =
Total urinary inorganic cations -
Total urmaiy inorganic anions (Eq. 3)
This approach simplifies the determination of intestinal base
absorption enormously by doing away with food and stool mea-
surements. Moreover, besides assessing intestinal base absorp-
tion, Oh has also pointed out that any internal base production
from skeletal or cellular buffering of H that results in the release
and subsequent excretion of strong ions such as Ca ,Mg and
P04 in the urine would be included in the above calculation
[20].1
Given its pK value of 6.8, each millimole of inorganic phosphate (P)
at a pH of 7.4 would consist of 0.8 millimoles of HP04 and 0.2 millimoles
of H2P04, The overall net negative charge (valence) of P. at a pH of 7.4
would thus equal 0.8 x 2 + 0.2, that is, 1.8 mEq per millimole. When P1
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Renal net acid excretion and external acid-base balance
The net renal output of acid is traditionally defined as the sum
of urinary NH4 and the titratable acidity (T.A.), which represent
the two forms of W added to the urine during the acidification
process, minus any amount of HCO3 lost in the urine, which
usually is a trivial amount in individuals ingesting a Western diet.
The daily acid-base balance is calculated by subtracting the net
renal output of acid, described above, plus any amount of base
absorbed by the gut (from equation 3), from the amount of acid
produced every day. Since the contribution of H3P04 to acid
production is calculated as part of the intestinal absorption of
base,2 the daily production of H equals the amount of H2S04
and non-combustible organic acids generated, plus those combus-
tible organic acids the anions of which are excreted in the urine.
Thus, from both theoretical and practical standpoints, net acid
production is equal to the number of milliequivalents of S04 and
organic acid anions (A-) excreted in the urine.
Two classical studies confirmed that normal adult humans
maintain day to day acid-base balance. The first study was carried
out in normal subjects consuming an artificial diet, which allowed
calculation of the contribution of dietary phosphoesters to acid
production [21]. Under these experimental conditions, urinary
{NH4 + T,A. — HC03] was equal to urinary [S04 + organic
A + dietary phosphoester-derived H], confirming a state of
acid balance.
The second study was performed in healthy adults ingesting
modifications of the usual diet [12]. Since the latter contains a
measurable net amount of preformed base, stool analysis was
required in order to ascertain the amount of base absorbed from
the intestinal tract. In this study, urinary [NH4 + T.A. —
HC03] added to the organic anions (that is, potential base)
absorbed from the intestinal tract, again equalled the amount of
[S04 + organic A] excreted in the urine.
Interactions of components of external acid-base balance
A dynamic interplay between the three components of acid-
base balance—GI base absorption, endogenous acid production
with a valence higher than 1.8, such as is present in bone, is released into
body fluids, there is a liberation of surplus "strong" inorganic cations
(Na, K, Ca, Mg), with titration of equivalent amounts of H. On
the other hand, the addition to body fluids of P with a valence lower than
1.8 results the release of H and a reduction in HC03 concentration.
The PKa of ingested phosphates is not known. However, in order to
calculate the contribution of ingested phosphates to acid-base balance, it
is customarily assumed that all the absorbed organic phosphoesters are
fully metabolized, releasing H and resulting in a concomitant fall in
HCO3 concentration.
From the acid-base balance standpoint neutral phosphate contains then
1.8 milliequivalents of "strong" inorganic cations per millimole of P. A
proportionally lower content of inorganic cations represents a source of
H, while a proportional excess of inorganic cations indicates base
addition. The contribution of intestinally absorbed phosphate to acid-base
balance can thus be easily calculated on this basis as the difference
between Cl plus 1.8 X millimoles of P, minus the number of milliequiva-
lents of Nat, K, Ca and Mg absorbed from the GI tract. In the
steady state all these "strong ion" constituents will also appear in the
urine, as will the strong ions liberated internally during bone buffering.2See prior footnote. As discussed in the text, when the contribution of
dietary P and dietary base absorption to acid-base balance are calculated
from the urinary electrolyte composition, as done by Oh, the calculation
automatically includes the contribution of any P released from bone and
excreted in the urine [201.
and net urinary acid excretion—is required for homeostasis.
Nephrologists have long recognized the renal response to systemic
acid base disturbances, and have focused on the physiology and
molecular mechanisms responsible for changes in net acid excre-
tion in the face of exogenous acid-base stress, as well as in
situations of augmented endogenous acid production (such as
ketoacidosis). That alterations in exogenous (that is, GI) acid-
base stress might also modify endogenous acid production, and
that changes in net acid excretion might be associated with
secondary modulation of endogenous acid production or GI base
absorption have been only partially examined in animals and
humans.
Recently, Packer et al have demonstrated that in acid fed rats
the urinary excretion of organic anions decreases. From the
acid-base balance standpoint this is equivalent to a reduction in
endogenous organic acid production [2, 3]. On the other hand,
base feeding results in increased urinary losses of organic anions,
equivalent to increased organic acid production. It should be
noted that the observed changes mainly affect the excretion of
metabolizable organic anions, such a citrate, while the excretion
of noncombustible anions is influenced little or not at all by acid
or base loading.3 The urinary excretion of citrate, quantitatively
the predominant urinary organic anion in most species, including
humans, is exquisitely sensitive to even modest alterations in the
acid-base load. In states of chronic metabolic acidosis not due to
renal failure there is increased tubular uptake and metabolism of
citrate, with reduction of its urinary excretion and without change
in serum citrate levels [25—27]. In humans, as in other animals,
renal excretion of citrate can be down-regulated even without
overt acidemia. This occurs with the augmentation of acid input
associated with increased protein intake [28], or in states of
diminished net acid excretion, such as incomplete distal RTA
[29—321.
Net production and excretion rates of ketoanions in humans are
usually quite small (—-1 mEq/day), and there are no reports of
changes in ketoacid excretion during chronic metabolic acidosis.
Yet, in states of exaggerated ketoacid production in both animals
and humans, the rates of metabolic production of ketoacids and
renal excretion of ketoanions are decreased by exogenous mineral
acid and increased by base loads [33—431. Similarly, lactic acid
accumulation and renal lactate excretion normally represent only
the tip of the iceberg of the large endogenous turnover rates of
lactate. In animal models of lactic acidosis, endogenous lactic acid
production is modified by external acid-base manipulations [re-
viewed in 34, 36, 44, 451. In humans, respiratory or metabolic acid
loads suppress net lactic acid production during exercise [36, 44].
Conversely, bicarbonate therapy heightens urinary lactate appear-
ance and calculated net endogenous lactic acid production in
patients with chronic lactic acidosis associated with malignancy
[46, 47]. Even basal net endogenous lactic acid production can be
up-regulated in humans by alkalemic stresses [36, 48, 49], while
In rats consuming a standard rat chow the urinary excretion of organic
acids, including citrate, is about tenfold that of humans when expressed in
mEq/day per kg body weight [2, 3]. At the same time, urinary net acid
excretion in those rats approaches zero [2]. From the acid-base balance
standpoint the implication is that standard rat chow already represents an
alkaline diet. Consequently, the baseline excretion of urinary citrate in rats
cannot easily be compared to that of humans, since the latter usually
consume an acid-generating diet.
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metabolic acidosis increases renal lactate utilization and glucone-
ogenesis [48, 50].
The above data indicate that under conditions of clinical
acidosis and alkalosis, exogenous acid and base loading, or simply
variations in urinary net acid excretion within the normal range,
maintenance of acid-base balance is facilitated by adjusting what
is traditionally referred to as the endogenous acid production rate,
which is measurable as an alteration in the urinary loss of
combustible anions [2, 27, 34, 36].
On examining this concept from the perspective of the urinary
output of acid and its contribution to whole body acid-base
balance, it becomes evident that a fraction of the H excreted as
NH4 and T.A. simply serves to counterbalance the loss of
potential base in the urine in the form of combustible anions. It is
then possible to think of the "net urinary proton excretion,"
defined as the difference between the protons appearing in the
urine, that is, (urinary NH4 + T.A.), and the amount of base
equivalents lost in the urine, (urinary HCO3 + urinary combus-
tible A--).
According to this equation, "net urinary proton excretion"
could remain unchanged in the face of decreasing urinary NH4
and/or T.A. if there was a concomitant and equivalent decrease in
the urinary loss of bicarbonate and/or combustible anions. The
implications of this from the standpoint of the maintenance of
acid-base balance in renal disease will be discussed in the next
section.
RENAL ACIDOSIS REVISITED
Following the demonstration of the occurrence of acid-base
balance in normal individuals, Goodman et al and Litzow et al
studied the status of acid-base balance in patients with chronic
renal failure, using, respectively, an artificial diet and a regular
diet [5, 6]. Both groups of investigators found that urinary
excretion of acid is impaired in chronic renal failure, mainly on
the basis of a pronounced impairment in urinary NH4 excretion.
Acid production, defined as the amount of S04 plus organic A
excreted in urine, was not different from that of normal persons
eating similar diets. It exceeded net acid excretion by 19 mEq per
day in patients consuming artificial diets [5]. Patients consuming
Fig. 1. Electroneutrality requires that the
number of miliequivalents of urinary anions
must equal that of urinary cations in both
normal individuals and in renal failure
patients. The reduced urinary output of
divalent cations in renal failure is due to
impaired intestinal absorption of calcium.
Those urinary electrolytes directly implied in
acid-base homeostasis are represented by
shadowed areas. In normal persons daily acid
production exceeds the renal output of H . The
difference between acid production and renal
H excretion represents the amount of base
absorbed from the intestinal tract. In renal
failure acid-base balance is maintained in spite
of a decrease in renal H output because there
is an equimolar decrease in the net production
of organic acids. The latter results in a decrease
in the urinary output of organic anions and
accounts for urinary electroneutrality in the
face of continued external balance of chloride
and phosphate.
regular diets absorbed base from the intestinal tract and had a
daily positive acid balance of only 10 mEq per day [6].
Since all subjects were supposedly studied under steady state
conditions, the obvious implication from these experimental re-
sults is that chronic renal failure results in a state of continuously
and increasingly positive acid balance. To account for the fact that
the serum bicarbonate concentration remains remarkably stable
over long periods of time, it was necessary to assume that the
retained acid is continuously buffered in a compartment out of
equilibrium with the body's bicarbonate stores [51—54]. The
investigators proposed that the bones were such a compartment,
since stable metabolic acidosis induced by experimental acid
feeding also resulted in hypercalciuria and negative calcium
balance [6, 55].
Oh has recently analyzed from a quantitative standpoint the
skeletal capacity to buffer the total amount of H that would
accumulate in chronic renal failure patients with stable acidosis of
long duration [4]. His conclusion was that the magnitude of the
cumulative acid load far exceeds the buffering capacity of the
skeleton.
In the absence of a quantitatively adequate buffering system,
could the stability of the serum bicarbonate concentration in
patients with chronic renal failure rather be taken as evidence that
such patients are in fact in day-to-day acid-base balance contrary
to the above classic balance data? There are both theoretical and
experimental reasons to suspect that this must actually be the case
in patients with chronic renal disease.
Using their previously mentioned novel approach to calculate
intestinal base absorption, Uribarri, Douyon and Oh have again
confirmed that patients with renal failure seem to be in positive
H balance [7]. This is even more striking since their urinary
calculations included the contributions of any on-going bone
buffering. Those investigators also calculated the number of
cations and anions present in urine and found that normal urine
was electroneutral. In the renal failure patients, the number of
anions in the urine exceeded the number of cations, an obvious
chemical absurdity. Furthermore, the magnitude of the cation gap
was exactly equal to the magnitude of the positive acid balance,
thus suggesting that both the cation gap and the positive acid
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balance were the results of measurement artifacts or methodolog-
ical errors.
The most consistent mineral and electrolyte metabolic abnor-
malities in advanced chronic renal failure patients are impaired
intestinal absorption of calcium with hypocalciuria and a reduced
urinary excretion of NH4 [5 1—54, 56]. The reduction in both
urinary Ca and NH4 excretion results then in a decrease in
the net amount of known cationic charges appearing in the urine.
Electroneutrality requirements mandate that either some other
positive charges take the place of Ca and NH4, or that there
is an equivalent decrease in urinary anionic charges.
Motivated by the above considerations and by the paradoxical
observations of acid-base and charge imbalance, Oh et al explored
the possibility that urine might contain other unmeasured cations.
They postulated the presence in urine of organic —NH3 com-
pounds with a PKa' greater than 7.4, and consequently cannot be
measurable as T.A. [4, 7]. They found that about 10 mEq per day
of such compounds appear in the urine of healthy persons [57I.
Either through renal tubular protonation, or because they escape
metabolism to H through urinary loss, renal excretion of those
compounds represents a net source of HC03 for the body.
However, in the absence of any direct evidence, there is no reason
to suspect that the excretion of such compounds should be
elevated in renal failure. Moreover, if normal urine contains, in
addition to NH4 and T.A., H in the form of —NH3 com-
pounds, then the normal subjects studied by Lennon, Lemann and
Relman [12] and Relman, Lennon and Lemann [21] were not in
neutral, but in negative H balance. In addition, their urine could
not have been electroneutral, but must have had a deficit of
anions. The initial apparent state of acid-base and charge balance
ought then to have been due to an underestimation of the amount
of SO4 and/or organic A measured in the urine. In agreement
with this, Oh et al have recently reported that the original method
used to measure urinary organic anions underestimates the
amount of organic acid present in normal urine by an amount very
similar to that of the purported urinary —NH compounds [58].
Urinary organic anion measurement has utilized the titration
method of Van Slyke and Palmer [59]. It must be pointed out that
this method was originally introduced and found reliable by its
creators to study conditions of organic acidosis, not conditions of
normal or decreased organic acid production. That the titration
method had limitations under these latter conditions was clearly
recognized by Relman et al, who in their discussion alluded to the
fact that underestimating and overestimating methodological
errors likely canceled each other out [21]. In retrospect, the
problem of the discovery of a continuously positive H balance in
renal failure can be traced back to the original report describing
that normal individuals maintain daily acid-base balance [21]. This
finding likely served as supportive feedback for the experimental
methods employed, and in particular to validate the manner in
which organic acid production was determined. It is now evident
that the soundness of such an approach is questionable. The
"The titration method carried out by Oh et al would detect not only
positively charged groups from numerous organic aniines excreted in the
urine, but also any cationic amino acids. Due to the innumerable urinary
organic bases that are individually present in rather trivial amounts, it is
futile to try to quantitatively estimate if urinary organic bases and cationic
amino acids are adequate to account for the amount of "untitrated
titratable acid" reported by Oh et al.
reason why titration underestimates the amount of organic A
present in urine probably is, as pointed out by Relman et al,
irreversible precipitation of some polyvalent anions, such as
citrate and other TCA anions, when Ca(OH)2 is added to
precipitate PO4 in the course of the titration method [21].
Isolated experimental data indicate that renal failure is accom-
panied by a decrease in the urinary excretion of certain organic
anions, such as that of citrate and other TCA anions [27, 60, 61].
The effects of renal failure on urinary citrate excretion are known
best [60, 61]. Normal individuals excrete 8 to 10 mEq/24 hr of
citrate in the urine. When glomerular filtration declines to 50% of
normal urinary citrate excretion falls only slightly, to about 7
mEq/24 hr. However, further decreases in filtration are accompa-
nied by reductions in urinary citrate excretion that are propor-
tional to the decrease in glomerular filtration. Thus, when filtra-
tion is reduced to one tenth of normal urinary citrate also falls to
about 1 mEq per day, that is, about one tenth of the normal
amount. The serum level of citrate is not increased in renal
failure, indicating that any retained citrate is fully oxidized.
Retention and metabolism of citrate and other combustible
anions represent, as mentioned above, a net gain of base for the
body.
Since in renal acidosis the amount of citrate and other TCA
anions in urine is already markedly decreased, Ca(OH)2 addition
has no major effect on the determination of total urinary content
of organic A in renal failure. Thus, the amount of organic acids
measured by titration is similar in normal persons and in renal
failure patients, as experimentally demonstrated. However, in
patients with renal acidosis the titration method yields more
accurate results, instead of an underestimate, as it does in
normals; in renal failure the urine contains fewer organic anions.
In the face of decreased urinary NH4, electroneutrality and
acid-base balance are then accounted for by the same —NH3
compounds found in normal urine.
The maintenance of acid-base balance in renal disease is
perhaps most easily analyzed by considering what a decrease in
urinary NH4 means from view of urine electroneutrality. While
consuming the same diet, both patients with stable, asymptomatic
renal failure and healthy individuals can maintain indistinguish-
able day-to-day external electrolyte balance for Nat, K, Ca
Mg, C1 and P04. However, the urine of renal failure
patients has consistently been shown to contain less NH4, that is,
fewer cations. In order to maintain electroneutrality, an equiva-
lent amount of anions must also disappear from the urine (Fig. 1).
If external balance of the strong electrolytes listed above is also to
be preserved, only the endogenously-generated organic anions are
available for renal retention. The retained anions must be com-
bustible to CO2 and H2O; otherwise there would be an endless
increase in the anion gap, which is not observed. Impaired urinary
NH4 excretion is linked to renal retention of combustible
organic anions through the effects of acidosis on the renal tubular
handling of at least some of those anions, and the metabolic
pathways regulating their generation and consumption.
In humans and rats, renal failure also results in a reduction in
the urinary excretion of at least some organic anions that are
metabolic end-products, such as urate and oxalate [62—64]. The
production rate of urate may be diminished in renal failure [64].
In addition, adaptive changes in the intestinal (mainly colonic)
handling of oxalate and urate may account for ongoing balance
between their production and elimination rates. In renal failure
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these anions are secreted by the colon instead of being reab-
sorbed, as normally is the case [64—671. Colonic secretion of
oxalate seems to be a complex process, differing from one part of
the colon to another. It is influenced by luminal anions and it is
sensitive to inhibitors of anionic exchangers [68, 691. If colonic
secretion of oxalate or urate were associated with countertrans-
port of HC03 or HC03-generating organic anions, or if the
undissociated acid forms were actually secreted into the lumen,
then the gastrointestinal tract could play a homeostatic role in the
maintenance of acid-base balance in chronic renal failure. This
unexplored possibility, if present, is likely to be of rather small
magnitude.
Given the central importance of accurate measurement of
endogenous acid production in determining net acid-base balance
in individuals, and the methodological struggles in trying to
quantitate urinary organic anion excretion rates, an empiric
demonstration of acid base balance in CRF patients may not be
attainable. It seems unlikely that the arduous balance studies of 30
years ago will he repeated in this era of focus on molecular
biology. Even with more sophisticated techniques, trying to ac-
count individually and quantitatively for each component of the
urinary organic anion bloc would be a Herculean task, as at least
95 different species have been identified in human urine [2, 22,
23]. Even a reckoning of the quantitatively most abundant com-
ponents including metabolizable anions, for example, citrate (6 to
8 mEq/day), lactate (3 to 4 mEq/day), pyruvate (—1 mEq/day),
acetoacetate and beta-hydroxybutyrate (<1 mEq/day), and other
Krebs' cycle intermediates such as malate, succinate, cs-ketoglu-
tarate (each < 0.2 mEq/day), and nonmetabolizable anions, such
as urate (2 to 4 mEq/day), hippurate (3 to 4 mEq/day), oxalate
(<0.5 mEq/day), would account for only approximately two thirds
of the estimated urinary organic anion content. Thus, difficulties
in discerning changes in small individual contributions to urinary
organic anion content would likely leave open to question whether
subtle changes in endogenous acid production and urinary organic
anion excretion could mediate long-term acid-base balance in
CRF patients.
Preservation of external acid balance in the acidosis of chronic
renal failure does not imply the absence of bone buffering of a
fraction of the retained acid, but argues against daily consumption
of bone buffers by titration, a process which, as discussed by Oh,
is difficult to support on a quantitative basis [4]. It is, however,
unknown if chronic acidosis alters the physiology of bone in such
a manner as to be secondarily responsible for a process of
sustained demineralization by mechanisms unrelated to the buff-
ering process. It is also possible that the mechanism proposed in
this review simply lessens the daily positive H balance previously
described, thus decreasing the magnitude of skeletal buffering.
In summary, a hearkening back to basic principles, such as
electro-neutrality, and observation of metabolic patterns in other
acidotic states can lead to an understanding of the body's behavior
when the diseased kidney fails over long periods of time to excrete
NH4, which results in a mild to moderate degree of metabolic
acidosis. Enhanced conservation and oxidation of organic acid
anions normally lost in the urine generate bicarbonate at rates
equal to those previously achieved through NH4 excretion.
Although via somewhat different strategies, overall acid-base
balance can thus he achieved in both health and disease, returning
all alike chemists, physiologists and clinicians to the home base,
homeostasis.
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